Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the sleeping sickness parasite Trypanosoma brucei is a rational target for anti-trypanosomatid drug design because glycolysis provides virtually all of the energy for the bloodstream form of this parasite. Glycolysis is also an important source of energy for other pathogenic parasites including Trypanosoma cruzi and Leishmania mexicana. The current study is a continuation of our efforts to use the X-ray structures of T. brucei and L. mexicana GAPDHs containing bound NAD + to design adenosine analogues that bind tightly to the enzyme pocket that accommodates the adenosyl moiety of NAD + . The goal was to improve the affinity, selectivity, and solubility of previously reported 2′-deoxy-2′-(3-methoxybenzamido)adenosine (1). It was found that introduction of hydroxyl functions on the benzamido ring increases solubility without significantly affecting enzyme inhibition. Modifications at the previously unexploited N 6 -position of the purine not only lead to a substantial increase in inhibitor potency but are also compatible with the 2′-benzamido moiety of the sugar. For N 6 -substituted adenosines, two successive rounds of modeling and screening provided a 330-fold gain in affinity versus that of adenosine. The combination of N 6 -and 2′-substitutions produced significantly improved inhibitors. N 6 -Benzyl (9a) and N 6 -2-methylbenzyl (9b) derivatives of 1 display IC 50 values against L. mexicana GAPDH of 16 and 4 µM, respectively (3100-and 12500-fold more potent than adenosine). The adenosine analogues did not inhibit human GAPDH. These studies underscore the usefulness of structurebased drug design for generating potent and species-selective enzyme inhibitors of medicinal importance starting from a weakly binding lead compound.
Introduction
Sleeping sickness, caused by the protozoon Trypanosoma brucei, is considered by the World Health Organization to be one of the main tropical parasitic diseases, 1 in which parasites invade and then freely live in the bloodstream of the mammalian host. 2, 3 The disease is fatal if left untreated. 3, 4 Existing chemotherapy [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] has serious drawbacks, including severe side effects, low efficacy, increasing resistance, and no effect on the most virulent form of sleeping sickness caused by T. brucei rhodesiense. Other diseases caused by Trypanosomatidae include leishmaniasis (Leishmania genus) and Chagas disease (Trypanosoma cruzi). 2, 4 The work presented here focuses on glycolysis in trypanosomes as a target for structure-based drug design. It has been shown that upon going from insect to bloodstream form the parasites become fully dependent on glycolysis for energy production. 2, 13, 14 Inhibiting glycolysis in parasites would be expected to slow their proliferation, as has been shown by Clarkson and Brohn for the combination of salicylhydroxamic acid and glycerol. 15 Since the kinetic parameters for all of the enzymes in the glycolytic pathway in T. brucei are known, 16 it has been possible to simulate parasite glycolytic flux in computro. 17, 18 Based on the computational result that the presence of a competitive inhibitor of hexokinase at a concentration in the range of 0-K I (K I is the dissociation equilibrium constant for the E‚I complex) has little effect on glycolytic flux, it has been argued that competitive inhibitors of glycolytic enzymes will not be useful for blocking energy production. 18 However, there is no basis for this general statement, as additional simulation studies have shown that glycolytic flux is reduced to 0 in the presence of competitive inhibitors of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase present at [I]/K I ) 10-100. 19 A comparison of the crystal structures of parasite and mammalian glycolytic enzymes forms the basis for rational design of selective inhibitors. Analysis revealed distinct structural differences for GAPDH. [20] [21] [22] [23] Glycosomal GAPDH isolated from trypanosomes has been studied previously, 16 and irreversible nonselective inhibitors have been developed. 24 The adenosyl moiety of NAD + does not directly contribute to catalysis and is sufficiently removed from the essential active site cysteine residue, and the amino acid sequence and the position of the protein backbone around it are not completely conserved between human and trypanosomal GAPDH (Figure 1 ). Significant differences are found next to the conserved T. brucei Asp 37 (Asp 34 in human GAPDH) which anchors the adenosine moiety by forming hydrogen bonds to its 2′-and 3′-hydroxyls. In trypanosomal enzymes the backbone is further away from the nucleoside, resulting in a cleft near the 2′-position of the sugar. Flanked by Asn 39 in the T. brucei enzyme (Ser 40 in the L. mexicana enzyme), this cleft does not exist in the human enzyme because it is essentially filled by Ile 37. 23 This fact was exploited by Verlinde et al. 20, 21 who designed, synthesized, and tested a number of 2′-substituted adenosines with adenosine as a lead (IC 50 value around 50 mM). The best result was achieved with 2′-deoxy-2′-(3-methoxybenzamido)adenosine (1) (Chart 1) (IC 50 values of 0.3 mM for L. mexicana GAPDH, 2.2 mM for T. brucei GAPDH, and >10 mM for human GAPDH). While using a 2′-amido functional group to preserve the hydrogen bond to the Asp anchor, the design exploited the differences in cleft size and achieved remarkable specificity compared to adenosine, possibly involving a hydrogen bond from the amido function of Asn 39 in T. brucei GAPDH to the methoxy oxygen of 1.
Despite the success in achieving substantial selectivity, the affinity of the best trypanosomal GAPDH inhibitor is still far too low for it to become a valuable drug in treating trypanosomal infections. Attempts to simplify the structure by using cyclopentyl and openchain adenine derivatives were only marginally successful. 22 The 2′-substituent proved to be incompatible with substituents on the adenine ring such as C 2 -methyl 22 or C 8 -thienyl, 20 which as monosubstitutions led to a 10-and 180-fold increase in GAPDH affinity, respectively, over adenosine.
In the present study mono-and dimodifications of adenosine have been introduced at positions 2′ and N 6 based on modeling studies. Their effect on GAPDH inhibition has been measured, and optimization was carried out. Inhibitors with significantly higher activity have been obtained. Compatibility of 2′,N 6 -disubstitution has been established and should allow for further improvement of the inhibitors currently under study.
Molecular Modeling
Initially, we decided to test the disposition of atoms in the modeled structure of T. brucei GAPDH‚1 by adding substituents on the benzamido group at positions that were predicted from the trypanosomal GAPDH X-ray structures not to sterically interfere with binding. Because of the ease of synthesis and possible improvement in solubility, introduction of hydroxyl groups was considered. The proposed binding mode of 1 20 involves the occupation by a 3-methoxybenzamido group of a mainly hydrophobic and narrow enzyme cleft that starts near the ribosyl 2′-position and widens near Asn 39 ( Figure 1 ). The main recognition features of this substituent are (i) a hydrogen bond between the amide nitrogen and the carboxylate of Asp 37, (ii) sandwiching of the aromatic ring by Met 38 and Val 205* (the latter residue is provided by a neighboring subunit of the GAPDH tetramer), and (iii) a hydrogen bond between the methoxy group and ND2 of Asn 39 (predicted hydrogen bond length 3.3 Å). From inspection of this model it appeared that positions 4 and 5 of the 3-methoxybenzamido were prime candidates for substitution as they were pointing mainly into solvent. Position 2 was also considered, with the possibility of forming an intramolecular hydrogen bond to the 2′-amide nitrogen; such a conformation can be observed in 15 out of 51 2-hydroxybenzamido groups in the Cambridge Crystallographic database with a hydrogen bond length of 2.63 ( 0.04 Å. However, intermolecular contacts did not look favorable since a hydroxyl at position 2 would bump into the OD2 of Asp 37 (predicted distance 2.35 Å). In conclusion, modeling suggested that the introduction of a 4-hydroxyl and a 5-hydroxyl would leave the affinity of 1 unchanged, whereas a 2-hydroxyl would disrupt its binding mode and decrease the GAPDH binding affinity.
The next step was to increase the affinity of our best parasite-selective lead compound 1 by adding substituents to the adenine ring. Because the 8-and 2-substituents discovered during our previous design studies 20 are incompatible with the 2′-(3-methoxybenzamido) 
Chart 1
moiety due to steric clashes between the introduced substituents, 22 we tried to explore the possibility of introducing substituents at the N 6 position. In proximity to that atom, two hydrophobic clefts exist ( Figure  1 ). One is formed by the side chains of Leu 112 and Phe 113 and the backbone and first two side-chain atoms of Arg 91 (narrow cleft). The second site (wide cleft) points in the opposite direction and is formed by the side chains of Met 38 and Ala 89 and the backbone of Ala 89. We assayed the L. mexicana GAPDH inhibition potency of 11 commercially available N 6 -substituted adenosine derivatives that might project a hydrophobic group into the aforementioned clefts. One of the best inhibitors was N 6 -benzyladenosine with an affinity for L. mexicana GAPDH which was nearly 10-fold higher than that of adenosine. Because a semirandom synthesis of nine more N 6 -adenosine derivatives (7a-i) did not significantly improve on the lead (see Results and Discussion), we decided to pursue derivatization by structure-based inhibitor design methods.
Design was carried out as follows. First, we decided on a synthesis concept of reacting commercially available primary amines with 6-chloropurine riboside. From the Available Chemicals Directory (ACD 95.2), 1124 such compounds were retrieved. After filtering out large compounds (M r > 250) and compounds with additional reactive functionalities, 88 compounds remained. These were clustered based on their frameworks: 19 mono-, 13 di-, and 3 trisubstituted benzylamines, 22 R-substituted benzylamines, 8 bicyclic compounds, and 23 structures with no apparent similarity to each other. All of the substituents were graphically attached at the N 6 -position of the adenosine framework and docked individually into the protein environment. Adenosyl moiety coordinates from X-ray data for NAD + were used as a starting point. Each time both the narrow and the wide cleft binding modes were considered for the N 6 -substituent. On the basis of steric fit, amount of hydrophobic surface buried, and ease of synthesis, six compounds were selected for synthesis (7j-o).
It should be noted that in all cases we opted for a C 6 -N 6 dihedral angle such that the N 6 -substituent was oriented proximal to the imidazole fragment of adenosine in order to avoid severe clashes with the protein backbone of Arg 91. This is in contrast with the distal orientation seen in 15 out of 15 structures in the Cambridge Crystallographic Database, which is usually attributed to avoidance of a steric interference between N 7 of adenosine and the R-methyl(ene) at position N 6 25 ( Figure 2 ). However, steric interference is not so severe because in none of the doubly N 6 -substituted adenosine derivatives in the CSD do the R-methyl(ene) groups at the N 6 -position rotate out of the plane of the purine ring. We carried out a semiempirical quantum chemical calculation with the AM1 Hamiltonian on N 6 -methyladenine. It indicated that the distal conformation is preferred by only 2 kcal/mol over the proximal one. Hence, we concluded that our proposed binding conformation about C 6 -N 6 for the adenosine analogue bound to GAPDH is plausible.
Chemistry
Compounds 5b-f were prepared by direct acylation of the Markiewicz-protected 2′-amino nucleoside 3 followed by fluoride-promoted desilylation in MeOH 21 (Scheme 1). Precursor 3 was made from adenine 9--D-arabinofuranoside (Ara-A) according to the previously published procedures. 21, 26 Hydroxyl functionalities on the benzoyl fragment were protected via AlCl 3 -catalyzed acetylation 27 prior to activation of the substituted benzoic acids with PCl 5 ; the acetates were subsequently removed in NH 3 /MeOH.
Monosubstituted N 6 -alkyladenosines were prepared in a one-step conversion from 6-chloropurine riboside by nucleophilic substitution with an amine 28,29 (Scheme 2). The only exception was N 6 -(3-methyl-2-butenyl)-adenosine. In this case, prenyl bromide was used to alkylate adenosine, and the N 6 -alkylated intermediate was rearranged under Dimroth conditions to yield 7g. 30 To obtain the N 6 -isobutyryl derivative 6a, the protected analogue 4a was first acylated with isobutyryl chloride and then subjected to NH 4 F/MeOH deprotection.
The quickest pathway to 2′,N 6 -disubstituted series 9a-e (see Scheme 3) involved subjecting 4a to alkylation by substituted benzyl bromides with subsequent Dimroth rearrangement, the sequence explored by Robins and co-workers. 30 2-Methoxy-, 2,5-dimethyl-, and 2,3-dimethylbenzyl bromides were prepared from the corresponding alcohols using PBr 3 ; 31 2,3-dimethylbenzyl alcohol was made via LiAlH 4 reduction of the respective benzoic acid. 32 
Results and Discussion
Parasite GAPDH and Drug Design. Despite the fact that modeling studies were carried out on GAPDH from T. brucei, most of the structure-activity relationship (SAR) work was done with the L. mexicana GAPDH, which overexpresses in Escherichia coli significantly better than the T. brucei enzyme. The amino acid sequences of the two parasite GAPDHs are 81% identical, and the structures of the binding pockets for the adenosyl moiety of NAD + are virtually identical except at one position (Asn 39 for T. brucei GAPDH and Ser 40 for L. mexicana GAPDH). The rms deviation in backbone atoms for the residues in this pocket is 0.2 Å; the rms deviation for the side-chain atoms is 0.5 Å. 33 The conformations of NAD + in the two enzymes are also essentially superimposable. In previous studies, it was found that 2′-(3-methoxybenzamido)adenosine analogues typically bind ∼8-fold tighter to L. mexicana GAPDH versus T. brucei GAPDH. 20 This may be due in part to the Asn 39/Ser 40 difference. In the present study, our better inhibitors of L. mexicana GAPDH were also tested on T. brucei and T. cruzi GAPDHs. The residues comprising the adenosyl binding pockets of the latter two enzymes are identical.
Structure-Activity Relationships. Introduction of hydroxyl groups on the benzamide ring of 1 moderated affinity of the inhibitors for L. mexicana GAPDH by less than 4-fold (Table 1) . Hydroxyls were tolerated at positions 2-5. The addition of the 2-and 4-hydroxyls led to a minimal improvement in binding: 1.3-and 1.6-fold, respectively. Identical potency of compounds 1 and 5d, with a 3-OMe and a 3-OH substitution, respectively, most likely argues against the earlier suggestion that 1 benefits from the interaction of its methoxy substituent with Val 207* of the neighboring subunit. 22 However, both groups could possibly form a hydrogen bond to Asn 39 of T. brucei GAPDH. The most soluble compound of the series, 5e, with three hydroxyls on the benzamide, is 3-fold more potent than 1. Unfortunately, ortho-oxidation is common for gallic acid derivatives, 34 and the resulting o-quinone metabolites are highly reactive toward nucleophiles present in the cell. 34, 35 To take advantage of both affinity and solubility of 5e, compound 5f was synthesized. Its affinity was lower, but the stability was improved. In summary, the effect that different modifications at position 2′ had on inhibitor potency is consistent with our model of the 2′-benzamido moiety occupying the hydrophobic cleft in trypanosomal GAPDHs.
The N 6 -position was initially investigated via the testing of commercially available monosubstituted nucleosides. GAPDH binding was selective for secondary amines over amides (Table 2) . Compound 6a, incorporating the isobutyryl moiety, exhibited both decreased affinity and drastically lower solubility as compared to 1. The screening afforded hits 6b-d, which showed 12-16-fold improvement in binding compared to adenosine (Table 2) . They all shared a secondary amine substitution at the N 6 -position.
Subsequently we synthesized a series of N 6 -substituted adenosine derivatives to explore the use of small aliphatic chains in a semirandom manner. This revealed a clear trend that substituents with more hydrophobic bulk increased binding to GAPDH (see Table  3 ). Isopropyl (7a) and tert-butyl (7b) chains were too short and thus unable to reach either of the two hydrophobic clefts. Longer chains, both straight and branched close to the nitrogen, had no effect on affinity. As branching moved further away along the chain, binding improved, and the N 6 -isoamyl derivative 7f was the most active noncyclic amine adduct in the series with an IC 50 of 3.7 mM (10-fold improvement over adenosine). This correlates with the activity of dihydrozeatin riboside (6d), as the structures for these two compounds are identical except for the terminal δ-alcohol present in 6d. Straightening the isoamyl chain by introducing a double bond (7g) abbrogated nearly half of the N 6 -isoamyl binding contribution. The relative success of adenosines containing N 6 -cyclic amines (7h,i) indicates that flexible cyclic substituents with considerable hydrophobic surface complement the enzyme surface as well as flat aromatic systems.
At this point the N 6 -substituent was optimized by using a benzyl substituent as the basis for the second round of drug design. The benzyl moiety provided both the rigid framework and the wealth of structural analogues for further optimization of the N 6 -substituent. In an effort to better fill the hydrophobic clefts, compounds 7j-o were synthesized from the amines chosen from the Available Chemicals Directory (see Molecular Modeling) and tested against L. mexicana GAPDH. The results are summarized in Table 3 . As predicted from modeling, a methyl group introduced at either the orthoor meta-position on the benzyl ring (7j,k) improved inhibition. This can be explained by a further insertion of the substituent into the narrow cleft; molecular mechanics analysis suggests a slight rotation of the side chain of Leu 112 away from Phe 113 as a way to widen the narrow cleft and make favorable interactions possible. Alternatively, partial interaction of benzyl with the narrow cleft and of the methyl with the wide cleft is also possible. Tetraline derivative 7l, modeled as either S or R at the new asymmetric center, seemed to cap the narrow hydrophobic cleft rather than enter it. Compound 7m was the most potent inhibitor in the series (330-fold better than adenosine), most likely by making good van der Waals contacts with the narrow or the wide cleft, but the presence of the naphthalene moiety severely compromised its solubility, which is only 10% higher than its IC 50 in 5% DMSO/buffer. The aromatic thioether substituent in 7n seemed, according to our model, to partially expose the second benzene ring to solvent, while 7o with a diphenylmethyl substituent may take advantage of both hydrophobic clefts.
The combination of N 6 -benzyl and 2′-(3-methoxybenzamide) groups on the adenosine scaffold (9a) led to a significant improvement in affinity for GAPDH. The IC 50 of 16 µM is 50-fold lower than that of 1 and 3100-fold lower than that of adenosine, the original lead compound. The modeled binding modes for 9a are shown in Figure 3 . The 2′-substituent fills the selectivity cleft, while the benzyl moiety can occupy either of the two hydrophobic clefts proximal to N 6 of adenosine. There is a synergistic effect with respect to the individual contributions of the substituents (Table 4) . Compound 9a did not detectably inhibit human GAPDH when tested up to its solubility limit of ∼0.5 mM. It was shown to be a competitive inhibitor of trypanosomal GAPDH with respect to NAD + (Figure 4) . Based on the results with 7j, a 2-methyl group was introduced onto 9a to give 9b. This compound is 4-fold more active than 9a, while retaining its high selectivity for the parasite enzyme; compound 9b did not inhibit human GAPDH up to 0.27 mM. Despite the fact that human GAPDH also possesses the N 6 pocket, the selectivity for 9a,b is maintained. This selectivity is due to clash of the 2′-benzamido substituent with Ile 37 in the human enzyme, and this will occur when the disubstituted adenosyl moiety sits in the active site of human GAP-DH. Other analogues did not show improved potency compared to 9b. The 2-methoxybenzyl derivative 9c likely suffered from the putative desolvation of the oxygen upon binding into either of the hydrophobic enzyme clefts. Only an orientation into the narrow cleft appeared possible for 9d; in the alternative orientation, the methyl in position 5 appeared to bump into the protein backbone of Gln 90. Addition of the 2,3-dimethylbenzyl substitution (9e) did not improve binding compared to 9b, despite the fact that the methyls increase the lipophilicity of the N 6 -substituent.
Conclusions
The X-ray structures of L. mexicana, T. brucei, and human GAPDH‚NAD + complexes have been used to identify clefts near the adenosyl moiety of NAD + that provide opportunity for structure-based inhibitor design. The most potent compound 9b represents for L. mexicana GAPDH a 200-fold improvement over 1 and an 
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a KI values can be calculated from IC50 values using the standard formula for competitive inhibition, [NAD + ] ) 0.19 mM, and KM(NAD + ) ) 0.4 mM for L. mexicana GAPDH, 0.47 for T. cruzi GAPDH, and 0.54 for T. brucei GAPDH. 36 overall greater than 10 4 -fold affinity increase over adenosine. Even though a large number of enzymes use adenosine analogues as cofactors, one could anticipate that highly substituted analogues 9a-e would be rather selective for GAPDH. Compounds such as 9b are promising antiparasite drug candidates since they may be sufficiently lipophilic to cross parasite membranes in a transporter-independent fashion.
Experimental Section
General. Anhydrous solvents were obtained as follows: pyridine was distilled after refluxing overnight with CaH2 with a CaSO4 dry tube; CH2Cl2 was refluxed overnight with P2O5 and distilled under Ar; DMF was dried by storing over 4-Å molecular sieves, followed by distillation under reduced pressure. TLC was carried out with precoated silica gel F254 plates (EM Science), and spots were detected with UV light (254 nm). Ninhydrin spray was used for detection of amines. Flash chromatography was carried out with silica gel (0.040-0.063 mm; EM Science). NMR spectra were taken on Bruker AF-300 and Bruker WM-500 spectrometers of solutions of ∼2-5 mg of compound in 0.4 mL of CDCl 3 unless otherwise mentioned. Electrospray ionization (ESI) mass spectra were obtained on a Kratos Profile HV4 mass spectrometer. All target compounds were shown to be pure by reverse-phase HPLC on C 4 33, 36 NAD + and glyceraldehyde-3-phosphate diethyl acetal were purchased from Sigma. Fresh glyceraldehyde-3-phosphate was prepared from its diethyl acetal according to the instructions provided by the manufacturer.
(2) GAPDH Inhibition Assays. The compounds tested were dissolved in DMSO-d 6, and concentrations were determined by integration of NMR peaks with methylene chloride and/or chloroform as internal standards. NMR spectra were collected with a pulse recycle delay of 8 s. The activity of GAPDH was measured in the direction of NADH formation by monitoring absorption at 340 nm at 21°C. The 0.5-mL reaction mixture contained 0.1 M triethanolamine-HCl buffer, pH 7.6, 1 mM dithiothreitol, 1 mM NaN 3, 5 mM MgSO4, 1 mM EDTA, 10 mM K2HPO4, 0.8 mM glyceraldehyde-3-phosphate, and 0.19 mM NAD + . The concentration of DMSO in the reaction cuvette was kept at 5%. The reaction was started by addition of enzyme. Control reactions were run in the absence of inhibitors but with 5% DMSO. Remaining activity was calculated as percent of control using the initial velocities measured from 0 to 1 min. Inhibitor concentration in the reaction cuvette was varied, with at least five different Molecular Modeling. Prior to synthesis, qualitative docking experiments were carried out with the program BIOGRAF 37 in conjunction with the Dreiding force field. 38 The adenosine moiety was fixed in the position observed in the crystal structure of T. brucei‚NAD + 23 for the adenosyl portion of NAD + . Substituents were then added to adenosine followed by conjugate gradient energy minimization (with the convergence criterion set to 0.1 kcal mol -1 Å -1 ) in the presence of all enzyme residues within 12 Å of the modeled inhibitor. In all simulations the protein environment was kept rigid except where stated otherwise. Also, a water molecule hydrogen bonding to N 1 of adenosine, the main-chain N of Glu 90, and the ND2 of Asn 7 was included. The presence of this water molecule can be inferred by analogy with the crystal structure of Bacillus stearothermophilus GAPDH; 39 it is not visible in the T. brucei crystal structure due to the 3.2-Å resolution limit. Because energy calculations were performed in vacuo, the electrostatic potential energy function was turned off. The most important effect of electrostatics, namely, the formation of hydrogen bonds, was taken care of by explicit geometrical hydrogen bond potentials of the Lennard-Jones 12-10 type with angular dependence. This approach avoids the difficulties of calculating and calibrating charges for each new ligand and of treating dielectric effects in detail. 40 For docking compounds 5b-f the side-chain conformation of residue Met 38 was allowed to vary in order to alleviate short contacts between the CG atom and the aromatic ring of the 2′-ribosyl substituents. For docking compounds 9a-e the side-chain conformations of residues Met 38, Leu 122, and Phe 113 were allowed to change to avoid short contacts. The latter two residues are the ones in contact with the N 6 -purine substituents.
To check conformational preferences of several of our substituents, searches were carried out using the Cambridge Crystallographic Database, 41 followed by statistical analysis with the accompanying VISTA software. 42 To examine the conformational energy difference between proximal and distal orientations of methyl with respect to the imidazole of N 6 -methyladenine, their energies were calculated with the AM1 Hamiltoninan using the AMSOL 5.0 program. 43 Full geometry optimization was carried out.
Buried hydrophobic surface calculations were performed with the program NACCESS. 44 Syntheses. 2′-Amino-2′-deoxy-3′,5′-O-(1,1,3,3-tetraisopropylsiloxane-1,3-diyl)adenosine (3) and N 6 -(3-methyl-2-butenyl)-adenosine were synthesized as described. 30, 45 Protection of Hydroxy Acids. Hydroxybenzoic acids were protected via acetylation as described 27 in 80-95% yields, and the structures were verified by 1 H NMR.
2′-N-Acylation. Each of the acetoxybenzoic acids (150 mg) was suspended in 20 mL of dry CH2Cl2, and 100 mg of PCl5 was added with stirring under Ar. The solution was stirred at room temperature for 5 h, then dried in vacuo overnight. To a solution of 30 mg of 3 in 10 mL of CH2Cl2/1 mL of pyridine, was added 3 equiv of acyl chloride, and the mixture was refluxed for 3 h under Ar. Reaction progress was monitored by TLC (10% MeOH/EtOAc: Rf ) 1 for acyl chloride, 0.5 for product, and 0.05 for 3). The solvent was evaporated; the solid was dried in vacuo and redissolved in EtOAc. The solution was extracted twice with saturated NaHCO3, then dried, and chromatographed on silica. Nonpolar impurities were removed with EtOAc, and the product was eluted with 10% MeOH/AcOEt. Rf values for the derivatives are ∼0.4 using 100% EtOAc as solvent. (1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)adenosine (4b) . 26 (s, 1, H8) . (1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)adenosine (4c) . The described procedure with 13.8 mg (27.2 µmol) of 3 yielded 6.6 mg (49%) product: 1 96 (s, 1, H2), 8.2 (s, 1, H8) . 1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)adenosine (4d) . The described procedure with 10 mg (19.7 µmol) of 3 yielded 11 mg (85%) of title compound: 1 H NMR δ 0.85-1.3 (m, 28, 4 iPr),  2.35 (s, 3, acetate), 4.04-4.15 (m, 3, H4′,5′,5′′), 4.90 (m, 1, H2′ ), 5.55 (t, 1, H3′) 6.12 (d, 1, H1′), 6.40 (br s, 2, NH2), 7.4-7.7 (m,  4, H2′′, 4′′, 5′′, 6′′), 8.05 (s, 1, H2), 8.27 (s, 1, H8) . 96 (s, 1, H2), 8.24 (s, 1, H8) .
2′-Deoxy-2′-(3-methoxybenzamido)-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)adenosine (4a)
.
2′-Deoxy-2′-(3-methoxy-2-acetoxybenzamido)-3′,5′-O-

2′-Deoxy-2′-(3-acetoxybenzamido)-3′,5′-O-(
2′- Deoxy-2′-(3,5-diacetoxybenzamido)-3′,5′-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)adenosine (4f) . The described procedure with 40 mg (78.7 µmol) of 3 yielded 33 mg (60%) of title compound: 1 H NMR δ 0.90-1.3 (m, 28, 4 iPr),  2.28 (s, 6, acetates), 4.01-4.13 (m, 3, H4′,5′,5′′), 4.85 (m, 1,  H2′), 5.51 (t, 1, H3′) 6.05 (d, 1, H1′), 6.18 (br s, 2, NH2 ), 7.09 (t, 1, H4′′), 7.37 and 7.39 (s, 1 and 1, H2′′, 6′′), 7.99 (s, 1, H2),  8.21 (s, 1, H8) . Compound 4b (8.8 mg, 13.4 µmol) was dissolved in 8 mL of 10% NH3/MeOH and stirred for 15 min. The solution was dried and subjected to the NH4F deprotection as described, 21 2′-Deoxy-2′-(3,4,5-trihydroxybenzamido)adenosine (5e). The procedure for the synthesis of 5b was followed for 6 mg of 4e (9.5 µmol) and yielded 3.8 mg (96%) of 5e: 1 2′-Deoxy-2′-(3,5-dihydroxybenzamido)adenosine (5f). The procedure for the synthesis of 5b was followed for 5 mg of 4f (7.2 µmol) and yielded 2.5 mg (86%) of 5f: 1 62 (s, 1, H8 and s, 1, H2) . N 6 -Coupling. All N 6 -alkyladenosines were synthesized from 6-chloropurine riboside and the corresponding amines under the conditions described by Fleysher in 90-100% yield. 28 62 (s, 3, CH3 17 (s, 1, H2), 8.26 (s, 1, H8) ; ESI-MS 434.0 (M + H) + . -O-(1,1,3,3-tetraisopropyldisiloxane-1,3 -diyl)adenosine (8a). Benzyl bromide (0.12 mL, 1 mmol) was added to a solution of 24 mg (37.4 µmol) of 4a in 5 mL of DMF, and the mixture was kept at 45°C for 14 h until no starting material could be detected by TLC (EtOAc). DMF was evaporated in vacuo, and the remaining oil was dried by coevaporation with MeOH. It was then dissolved in 25% i PrNH2/75% MeOH and slowly refluxed for 24 h. The solid was dried and chromatographed on silica with 1:1 hexane/ EtOAc (Rf 0.7 in EtOAc): yield 14.3 mg (52%); 1 
2′-Deoxy-2′-(3-methoxy-4-hydroxybenzamido)adenosine (5b).
